Plasma immersion ion implantation (PIII) of insulating materials is quite challenging because of surface charging and capacitance effects. In this paper, we conduct a two-dimensional plasma-sheath simulation of PIII into insulating strips that have practical industrial applications. Our results reveal distortion of the plasma sheath above the parallel strips. Consequently, there exist horizontal components of the ion velocity affecting the implantation results in terms of both the incident ion dose and the penetration depth. The strip dimension is also found to exert a considerable influence on the implantation dynamics. When the strip is wider, the ion dose in the insulating strip is higher but the difference in the vertical velocity is quite small. This illustrates the importance of sample placement in the implantation process.
Introduction
Ion implantation has been applied to electrically insulating materials to achieve better surface properties. For instance, the biocompability of biomedical polymers can be improved through proper ion implantation [1] and the tribological properties of ceramic materials can also be enhanced after ion implantation [2] . Since the inception of plasma immersion ion implantation (PIII) in the mid-1980s [3] , this technique has mainly been applied to metals and semiconductors, particularly components with irregular geometries due to the non-line-ofsight nature of the process [3] [4] [5] [6] [7] , but PIII of insulators is not as straightforward. The biggest problem stems from the poor conductivity, charging, and capacitance effects of insulating materials. Hence, the surface potential of insulating samples is generally lower than that applied to the metal target holder on which the insulating samples are placed. Consequently, the ion flux, net implantation energy, and process efficacy are compromised. In addition, surface charging occurs due to the poor conductivity of the materials. If sample charging is severe, electrical arcing that can damage the hardware, especially the power modulator, and degradation of the surface properties of the samples can result. In spite of these difficulties, PIII of insulators is practically important and has been an increasingly interesting topic of investigation. Lacoste et al [8] used −10 kV PIII to decrease the water contact angle of polystyrene from 80˚(untreated) to about 20˚. Matossian [9] increased the microhardness of polymer surfaces by a factor of 2 utilizing nitrogen plasma implantation, and Bilek and co-workers [10] proposed the use of a sacrificial film to improve the surface potential in order to attain higher implantation energies. Recently, Fu et al [11] have furnished experimental data on mesh-assisted PIII.
In addition to experimental investigations, numerical analysis has been performed by several groups [12] [13] [14] [15] . In these studies, one-dimensional models based on Child's law were employed and consequently, the simulation results are only qualitative.
In the work described here, we conduct a two-dimensional numerical simulation in order to better address practical applications. The samples chosen for this investigation are polymer strips such as labels used on cellular phones.
Proper surface modification can improve the wear resistance, lifetime, as well as the hydrophobicity/hydrophilicity of the materials.
Instead of performing time-consuming trial-and-error experiments, theoretical simulation can provide insight into the optimization of experimental parameters as well as the proper placing of samples inside the vacuum chamber. In order to take advantage of the batch processing capability of PIII, we simulate the PIII process of multiple insulating strips on the metal target holder. In the numerical analysis, it is assumed that the sample surfaces are parallel and infinite. However, although it is an infinite plane, the plasma sheath is not planar and twodimensional simulation has to be employed. The plasma sheath configuration, implantation energy, incident dose, and other parameters are investigated and the results are reported in this paper.
Modelling and simulation
The PIII dynamics is derived by simulating the time-dependent plasma sheath using a two-dimensional fluid model [16] [17] [18] . The plane of the whole target is composed of conducting and insulating strips facing the plasma, which is assumed to be spatially uniform before each negative voltage pulse is applied. It has been shown experimentally that surface charging is not severe in a single pulse when the plasma density is low and the pulse duration is short [19] . In this way the simulation is conducted on a target with a nonuniform surface potential (strip interval). The ion density, velocity, and potential configuration are modelled using cold, collisonless fluid ions, Boltzmann electrons, and Poisson's equation, described as follows [20] .
The ion fluid equations of continuity and motion are
and
Poisson's equation is
and the electron density is given by the Boltzmann relation
where n i is the ion density, t the time, v i the ion velocity, e the single ionic charge, M the ion mass, ϕ the applied potential, ε 0 the permittivity of free space, n 0 the ion density, and T e the electron temperature in energy units. For simplicity and easier interpretation of the simulation results, the various parameters are normalized such that
Here, is the ion plasma frequency, and v x and v y are the horizontal and vertical components of the ion velocity, respectively. As shown in figure 1 , the boundaries of the target have a two-fold symmetry, since it is assumed that the samples are parallel and have an infinite planar surface. The total simulation zone is 1.65S 0 (along the X-axis) ×3.0S 0 (along the Z-axis), i.e. the zone indicated by 33 (horizontal distance)×60 (vertical distance) shown in figures 2-6. In the simulation, the space interval is 0.05, the time interval is 0.005 and the total calculation time is τ = 100. The simulation was performed by the finite difference method and rectangular coordinates were used. Here, the pulsed voltage is applied to the metal holder and, for simplicity, the surface potential on the insulating samples is assumed to be 50% of the applied voltage due to the capacitance effect, which is a reasonable value based on our experiments [19] and Emmert's numerical analysis [12] . It should be noted that our model can address any voltage drop on the surface, but as a simple illustration of the implantation dynamics, 50% of the applied voltage is used in our work, although it is known that the surface voltage changes gradually towards an equilibrium value and secondary electron emission from the insulating surface will alter the surface potential. These effects will not change the qualitative results presented in the next sections.
Results and discussion
Figures 2 and 3 illustrate the time-dependent potential configuration of the plasma sheath, in which vertical distance is measured along the Z-axis and the horizontal distance is that along the X-axis, indicated in figure 1. In this simulation (figures 2-5), the width of the conducting section is 1.0S 0 (0.05S 0 × 20) and that of the insulating section is 0.65S 0 (0.05S 0 × 13). The plasma sheath near the conducting surface expands more rapidly than the insulating strips (samples). Consequently, the topography of the plasma sheath is non-planar and undulating with respect to the positions of the insulating and conducting strips. Near the insulating/conducting interface, the sheath is not parallel to the sample plane due to the non-uniform surface potential. Some potential lines on the conducting surface extend above the insulating sample thereby indicating that the electric field nearby is deformed. This will have an influence on the ion trajectory and resultant implantation dynamics. After a negative potential is applied to the target holder, the surfaces of the exposed holder and insulating samples are bombarded by ions from the overlying plasma. Many factors such as the potential distribution, pulse duration, dimension, surface charging, secondary electron emission and so forth affect the ion dose distribution on the surface, as shown in figure 4 . The high potential surface (conducting part) receives a higher ion dose due to the larger electric field whereas the insulating sample is implanted with a smaller dose. This dose distribution remains the same till the end of the pulse duration. In the vicinity of the interface between the insulating and conducting surfaces, the dose gradually increases (lower values for insulating surface and higher value for conducting surface). At the initial stage of the potential pulse, the dose in every section is uniform except near the interface. In fact, there exists a high peak right on the conducting surface as shown in the inset in figure 4 , but away from the interface. This phenomenon is somewhat similar to the distribution of the ion dose near the corner of a conducting target [16, 21, 22] , but the inherent mechanism is different. At the corner of a target, the difference is due to the surplus of plasma right above the sample and local focusing of the plasma sheath. In our case, the peak stems from the different potential configuration. The ions above the sample are not necessarily implanted in the part of the sample that is right underneath, but are driven to a neighbouring zone with higher electric field due to the distortion of the plasma sheath, as demonstrated in figure 2 . As time elapses, the plasma sheath above the conducting surface expands more rapidly and, consequently, the plasma sheath focuses to the centre of the conducting surface where the ion dose is larger. Figure 5 depicts the ion velocity at the implanted surface. It is obvious that the vertical velocity corresponds to the surface potential of the insulating strips. However, the ion velocity into the insulating sample is smaller compared to that of ions into the conducting surface. It is due to the lower surface potential and electric field on the insulating surface, as explained earlier.
Consequently, a shallower ion implanted depth profile results. The horizontal velocity (parallel to the surface) is non-zero due to the distorted plasma sheath. The ion concentration near the centre of the conducting strip inherently varies due to this horizontal velocity. The ions do not impinge into the sample at a normal angle but are deflected to the conducting zone. The maximum horizontal velocity is observed to be near the interface but not at the interface.
The plasma implantation dynamics has also been simulated for different strip dimensions to investigate the effects of sample placement. As shown in figure 6 , the ion dose distribution along the exposed surfaces depends on the potential configuration. With increasing insulating strip width, and with the total simulation width kept constant, the total number of incident ions (on both the insulating and conducting strips) decreases. However, it is not necessarily true for the insulating strips themselves. For example, with increasing insulating width, the width of the conducting section diminishes from 1.0S 0 (i.e. 20/33) to 0.5S 0 (i.e. 10/33)-the insulating portion evidently receives a higher dose as shown in figure 6 (a). It should be noted that even though the insulating samples receive a higher ion dose per unit area, that received by the conducting surface also rises although the total dose on both strips actually decreases. In contrast, for smaller insulating strip widths, both the conducting and insulating surfaces receive a lower dose per unit area, but the total dose on both strips increases. From the viewpoint of shielding the conducting target holder, this approach may be used to improve the local ion flux to attain higher implantation efficiency of the conducting sections. To demonstrate the ion implantation effects, the vertical velocities of the incident ions are displayed in figure 6(b) showing evidently that the difference of the vertical velocity is small and the implantation effect is similar. The influence of the strip width on the incident dose can be envisaged using the physical model illustrated in figure 7 . When the width of the conducting strip increases, more ions may be needed. Owing to the configuration of the electric field inferred from figure 2, the ions above the insulating strip are forced towards the conducting surface leading to the reduction of ions impacting the insulating sample. Consequently, the ion dose into the insulating strip diminishes. In contrast, when the width of the insulating surface is larger than that of the conducting surface, the distortion effect induced by the conducting surface is weaker. In this way, more ions above the insulating strips impinge into the surface right underneath to enhance the net ion dose. With this physical model, it is easy to envisage a higher ion dose per unit area on a narrower conducting surface. 
Conclusion
A two-dimensional numerical simulation is performed to investigate PIII of multiple insulating strips placed on a conducting sample holder. Our results suggest that PIII of insulating polymers in this configuration is feasible. The implantation efficacy corresponds to the potential of the insulating surface. The plasma sheath near the interface between the insulating and conducting surfaces can be distorted due to the non-uniformity of surface potentials. This leads to the deflection of ions dictated by the horizontal component of the ion velocity. Consequently, the incident ion dose into the insulating strip is reduced. The relative dimension of the insulating strips to the nearby conducting surfaces (exposed sample holder) has a critical influence on the implantation dynamics. Our study reveals that a wider insulating strip may produce a higher average ion flux. This is of practical importance to the design of the PIII experiments as well as for sample placement, for optimized process efficacy.
